Seamless steel pipes for application in the oil and gas industries are manufactured from quenched and tempered steel. Aiming to meet the required characteristics, it is necessary that the microstructure and the mechanical properties are homogeneous along the wall thickness of the pipes, which is even more critical for thick wall pipes. Considering the seamless steel pipe manufacturing process, any chemical segregation along the thickness could affect the phase transformation kinetics during heat treatments and, consequently, microstructure and mechanical properties. In this context, this pioneer work when evaluating the effect of the chemical homogeneity of a seamless pipe on the mechanical properties and phase transformations. The studied pipe was manufactured by a C-Mn steel designed for oil and gas industry applications. Two regions of the pipe wall were analyzed -a region close to the inner surface and another near the outer surface. The steel was subjected to quenching and tempering heat treatments. Scanning electron and optical microscopy techniques were used to characterize the resultant microstructures. Microhardness and Charpy impact tests were performed aiming to analyze the pipe mechanical behavior in the studied regions. In addition, dilatometric tests were performed in order to determine the continuous cooling transformation diagrams of these regions.
Introduction
Steel semi-products, such as slabs and billets, due to the solidification conditions, inevitably have some degree of chemical segregation in their central portion [1] [2] [3] , which gradually reaches significant degrees with the increasing of ingot size 3, 4 . This heterogeneity can be transmitted to the final steel product resulting in small microstructural changes as well as discontinuities that may eventually influence the local mechanical properties 1 .
The occurrence of this phenomenon has become relevant in the seamless pipe manufacturing process because, recently, there are applications that require pipes with higher diameters and thicker walls 5, 6 . These demands stem from the need to improve the efficiency of the oil and natural gas transportation in deeper waters for longer distances, subjecting pipelines to high-pressure conditions [5] [6] [7] [8] [9] .
Normally, seamless pipes are subjected to quenching and tempering heat treatments in order to obtain the required properties 10, 11 . Accordingly, the chemical gradient along the pipe thickness may cause variation of the local hardenability during these heat treatments, making it more difficult to ensure a uniform microstructure along the thickness. This fact can lead to a heterogeneous mechanical behavior, mainly in relation to toughness and fatigue, compromising the reliability and operational safety of the pipe.
In this context, this work pioneering sought to evaluate the effect of the chemical homogeneity along the thick-walled seamless C-Mn steel pipe, analyzing whether eventual differences in chemical composition influence the continuous cooling transformation (CCT) diagrams, besides to verifying how these changes affect the microstructures, after the quenching and tempering heat treatments, and the mechanical properties. To perform this work, two regions of the pipe wall (near the inner and outer surfaces) were analyzed.
Materials and Methods
The studied C-Mn steel was provided as seamless steel pipe with nominal outside diameter measuring 273mm and wall thickness measuring 30mm. This steel complies with the chemical composition specifications required by API 5L Standard 12 for grade X80, with the maximum concentrations (wt.%) for each element of 0.18%C; 1.90% Mn; 0.15%Nb+Ti+V; 0.45%Si; 0.015%S; 0.025%P; 0.50%Cu; 0.50%Cr; 1.00%Ni; 0.50%Mo and 0.004%B.
The chemical analyses were performed by optical emission spectrometry technique in two regions ( Figure 1 ) of the cross section of the pipe wall: near the outer surface (Position 1) and close to the inner surface (Position 2).
In order to experimentally determine the austenitizing critical temperatures Ac 1 and Ac 3 , as well as the steel Continuous Cooling Transformation (CCT) diagram, dilatometric experiments were carried out. These tests were performed in a RITA L78 quenching dilatometer, using type K thermocouples to measure temperature. Twelve solid cylinders with a diameter of 3mm and a length of 10mm were machined from each studied region and they were heated to 920°C with a constant heating rate of 3°C/s. The samples remained at 920°C for 180s and were then cooled down to room temperature, under continuous Helium gas flow with different cooling rates: 0,5°C/s, 1°C/s, 2°C/s, 3°C/s, 5°C/s, 7°C/s, 10°C/s, 15°C/s, 20°C/s, 25°C/s, 50°C/s and 100°C/s. The samples which were submitted to cooling rates of 2°C/s, 7°C/s, 20°C/s and 100°C/s were characterized after etched with Nital 2% using light optical (OM, Pantec) and scanning electron (SEM, Vega3 Tescan) microscopy techniques. Finally, all the specimens were submitted to the Vickers microhardness test 13 , using a 200gf load and 5s dwell time using a Pantec microhardness tester. The average values of ten measurements are reported.
The dilatometric curves were obtained and the Ac 1 , Ac 3 , Ar 1 and Ar 3 temperatures were measured using the minimal linear deviation method concomitantly with the first derivative method 14-19 . On heating, the Ac 1 and Ac 3 temperatures were measured in all the austenitization curves being 12 specimens from each region. From the obtained results, the Ac 1 and Ac 3 average values were calculated by arithmetic mean. In the study of austenitizing kinetics, the lever rule was applied to estimate the volume fraction of austenite from dilatometric data [14] [15] [16] and then the Johnson-Mehl-Avrami-Kolmogorov, or JMAK, equation 20, 21 was employed (Equation 1). This equation is generally used to model transformations under isothermal conditions, however many authors have applied this equation to study the transformation kinetics under nonisothermal conditions obtaining satisfactory results [14] [15] [16] 18, 22, 23 .
(1)
where k and n are kinetic parameters, Y is the austenite volume fraction, and t is the transformation time.
In addition, the C-Mn steel was subjected to quenching and tempering heat treatments, outlined in Figure 2 . Specimens for the microstructural analysis and Vickers microhardness tests were sampled from the pipe before the heat treatments (as-rolled sample) and after each stage of the heat treatments, the cross section was also analyzed in all cases. Microstructural analysis were performed by OM and SEM techniques. The specimens were mechanically polished 24 and etched by a Nital 2% etchant. Besides, samples after the quenching treatment were taken to evaluate the average prior austenitic grain size of each position -using the Teepol etchant (2,4gm dry picric acid in 100ml distilled water, 2ml concentrated hydrochloric acid and few drops of neutral detergent) and using the intercepts method 25 -and for qualitative analysis of the martensite-austenite (MA) constituent presence -using the LePera etchant 26 (equal portions of solutions: (A) 1% aqueous sodium metabisulfite; and (B) 4gm dry picric acid in 100ml ethanol). The Vickers microhardness tests 13 were performed and an average of twelve microhardness measurements was reported for each analyzed region.
Charpy impact tests were performed at -30°C and -60°C in an Instron machine of 407J capacity. The subsize standard specimens (size, 10 x 5 x 55mm) 27 were made with notches in the longitudinal direction of the pipe. The samples were machined from the two regions of the pipe (position 1 and position 2) after the quenching and tempering heat treatments. Table 1 presents the steel chemical composition in the two analyzed regions highlighting the percentage changes in the contents of the elements in the position 2 sample in relation to the position 1 sample. It is observed that there is a trend of chemical segregation from the outermost part to the innermost part of the pipe wall, especially C, Mn, Si, Nb and B. These differences in chemical composition may be related to the effects of chemical segregation from bar solidification, where chemical segregation tends to occur in the central region. In the seamless pipe manufacturing process, during the bar strain, segregation in the central region of the billet moves to the innermost part of the pipe wall. Figure 3 shows, on a dilatation curve of a dilatometry specimen during heating (at 3°C/s), the application of the lever rule, and the minimal linear deviation and first derivative methodologies to determine critical temperatures. The critical temperatures Ac 1 and Ac 3 are indicated in the figure.
Results and Discussion

Chemical analysis
Dilatometry
The average temperatures Ac 1 and Ac 3 measured for the two positions studied are presented in Table 2 . It can be observed that there is no significant difference for the measured Ac 3 temperature in both positions, but the Ac 1 temperature of the position 1 is higher than the other. This small change in Ac 1 temperature, although within the experimental deviation of the technique, is consistent with the differences in chemical composition presented in Table 1 . Comparing position 2 with position 1, it was observed an increase in the contents of C, Mn and B, which may contribute to the decrease of the critical temperatures [28] [29] [30] , as well as the Si content which has a strong effect on the increase of these temperatures [31] [32] [33] . However, a more pronounced effect of the elements C, Mn and B than the effect of Si is observed, resulting in a decrease in the Ac 1 temperature.
The Ac 1 temperature is strongly coupled to the nucleation stage of the new phase, which is a stage of transformation that depends greatly on the thermodynamic system and therefore on the chemical composition. In view of this, the small chemical variations could be affecting the local energy and changing the austenite nucleation stage. However, these changes would not be significantly affecting the austenite growth stage, thus justifying a lower influence on the Ac 3 temperature.
The austenite volume fraction as a function of time was determined and, by non-linear fitting to the JMAK equation (Equation 1), the average kinetic parameters n and k were obtained and they are presented in Figure 4 for the two studied positions. The n exponent indicates which site is preferential to the nucleation of the new phase. For n = 2 (value close to that found for the two positions) the preferential nucleation site is at the grains edges as pointed out by Cahn (1956) 34 . On the other hand, the k constant is related to the transformation rate of phases 16, 35 , nucleation and growth, and the value obtained for position 1 and position 2 was 1.79x10 -3 and 7.64x10 -4 , respectively. Figure 4 shows that the austenitic transformation rate is higher for position 1, which may be related to a lower concentration of chemical elements compared with the other position. Since the austenitizing kinetics is controlled by carbon diffusion 36,37 , with the lowest concentration of alloying elements there is less difficulty for the carbon diffusion which leads to the increase of the transformation rate. Figure 5 shows divers optical micrographs of the samples cooled at different cooling rates (2, 7, 20 (d) and (h) ).
By the obtained information from the dilatometry tests, microstructural characterization and Vickers microhardness measurements, the CCT diagrams for the two studied regions were determined. In order to evaluate the differences between the CCT diagrams of each position, the diagrams were constructed one overlapping the other (Figure 7) . The determined CCT diagrams are very similar. In Table  1 , an increase in Si, Mn, and B contents was observed. Si is an element that accelerates the beginning of ferritic transformation, thus increasing the start and end temperatures of austenite decomposition 31 . However, the increase in Mn and B contents causes a downward displacement of the austenite decomposition start and end temperatures, that is, these elements tend to stabilize the austenite at lower temperatures 28, [38] [39] [40] [41] . In this context, the combined effect of the B, Mn, and Si contents would be the main responsible for the behavior of the steel CCT diagrams in the different positions.
However, Figure 7 shows a tendency of the austenite decomposition temperatures of position 2 to be slightly offset down from position 1, indicating greater hardenability for position 2. This result can lead to small microstructural differences after quenching and tempering heat treatments and, consequently, the steel mechanical properties in the different studied regions, which will be presented below.
Microstructures
The sample of the steel as-rolled (CMn-R) presented the microstructure consisting of ferrite and eutectoid aggregates with a slight banding in the innermost region of the pipe wall (Figures 8(a)-(b) ). This banding is common in hot rolled low-alloy steels and is closely related to the combination of alloying elements microsegregation, the hot strain and the final applied cooling rate. The alloying elements (Mn, Cr, Si, Ni, and others.) are added to increase the mechanical strength and toughness of low carbon steels. Previous studies have shown that Mn is the main alloying element responsible for the development of banding in microalloyed steels 9, [42] [43] [44] [45] [46] . In fact, it can be observed in Table 1 that there is a higher concentration of Mn in the innermost part of the pipe wall. This certainly influences the resultant microstructures from subsequent heat treatments.
The rolled and quenched sample (CMn-Q) presented a microstructure formed by martensite, bainite and ferrite, Figure 8(c) . The presence of the MA constituent was not observed. Figure 8(d) shows the microstructure of the tempered sample (CMn-QT) that exhibited a microstructure consisting of ferrite, bainite and tempering sorbite (ferrite and cementite particles). Different authors obtained similar results in their works, analyzing the microstructures after quenching and tempering of steels with similar chemical compositions to the one studied 9, 47 .
Due to the dilatometry results it was expected to observe microstructural differences between the two studied regions. Nevertheless it is noteworthy that these differences are small and that the microstructural changes caused by the differences in chemical composition are localized and were not clearly noticed in the microstructural analyzes of the samples after the heat treatments.
The variations of chemical composition observed in Table 1 did not significantly influence the values of average prior austenitic grain size of the two studied regions. Both position presented approximately average prior austenitic grain size value equal to 23 ± 3µm. Table 3 shows the Vickers microhardness results for asrolled (CMn-R), rolled and quenched (CMn-Q) and quenched and tempered (CMn-QT) steel of the two studied regions. It is observed that the CMn-Q sample presented higher microhardness values. This result can be explained by the presence of the hardening constituents on its microstructure (martensite and bainite), as seen in Figure 8(c) . Comparing the CMn-R, CMn-Q and CMn-QT samples, the latter presented a decrease in microhardness in relation to the CMn-Q sample, but an increase in relation to the CMn-R sample. This reduction of microhardness in the CMn-QT sample is related to the effect of tempering that alleviates internal stresses due to the steel phase transformations. The tempering promotes several effects on the steel microstructure, starting with carbon segregation in martensite crystals followed by intermediate carbides formation and, finally cementite precipitation with martensite decomposition to ferrite. The ferrite may be recovered and recrystallized, decreasing the dislocations density in the structure 47 . No significant level of cementite spheroidization was observed. It can be seen that after the quenching and tempering heat treatments, the steel presented in position 2 higher values of microhardness. These values can be attributed to chemical segregation (Table 1) , where regions enriched with manganese originate sites of high hardenability, which can lead to the formation of high hardness constituents 1, 48 , which were not observed by the metallographic methods employed in this work. Table 4 shows the Charpy impact results obtained in the two analyzed regions at temperatures of -30°C and -60°C. The two positions exhibited similar behavior when tested at -30°C, the absorbed energy was approximately 100J and 100% ductile fracture was obtained. However, at -60°C, position 1 presented better performance, that is, higher values of absorbed energy and higher percentage of ductile fracture compared to position 2 were verified. This result evidence that the higher content of alloying elements observed in Table 1 such as Mn and S in position 2 may contribute, in low carbon steels, to greater precipitation of sulfides, besides hardening by solid solution promoted by Mn, thus reducing its toughness [49] [50] [51] . Figure 9 shows the SEM fractographies of the fracture surfaces of the positions 1 and 2, tested at -60°C. In position 1 (Figure 9(a) ), the steel exhibited a ductile behavior, that is, nucleation, growth and coalescence of microvoids, presenting dimples throughout the fracture surface. However, the steel in position 2 exhibited a mixture of rupture mechanisms, presenting dimples, characteristic of ductile fracture, and cleavage facets and river marks, characteristic of brittle fracture (Figure 9(b) ). This result is consistent with the results presented in Table 4 , since the SEM fractography exhibits dominant brittle fracture morphology, indicating low values of absorbed energy by the samples 9 . 
Vickers microhardness measurements
Charpy impact properties
Conclusions
From this study, the following conclusions were obtained: 1. It was observed that there is a trend of chemical segregation from the outermost part to the innermost part of the pipe wall, especially C, Mn, Si, Nb and B. This may be related to the effects of chemical segregation from the solidification of the bar associated with the Mannesmann process of seamless pipe rolling. 2. The CCT diagrams for the two regions studied were constructed from the dilatometry tests, microstructural characterization and Vickers microhardness measurements. A tendency was observed for the austenite decomposition temperatures of the inner region of the pipe wall to be slightly shifted downward relative to the outer region, resulting in small microstructural differences after the quenching and tempering treatments and, consequently, the mechanical properties of the steel in the different studied regions. 3. The steel Ac 1 temperatures for position 1 and position 2 were 756 ± 7°C and 735 ± 8°C, respectively. Besides, the steel Ac 3 temperatures for position 1 and position 2 were 871 ± 6°C and 873 ± 9°C, respectively. The rate of austenite transformation was higher for position 1 as a function of the relative lower concentration of chemical elements that make carbon diffusion less difficult for the transformation to take place.
The kinetics of austenitization of steel obey an exponential law of the JMAK model. The average values of n for position 1 and position 2 were 2.09 and 2.23, respectively, and the average values of k were 1.79x10 -3 and 7.64x10 -4 , respectively. 4. The as-rolled steel has microstructure consisting of ferrite and eutetoid aggregates with a slight banding in the innermost region of the pipe wall. After quenching heat treatment the steel shows a microstructure formed by martensite, bainite and ferrite. MA constituent have not been noticed. Subsequent to the tempering heat treatment the steel shows the microstructure consisting of ferrite, bainite, tempered martensite and carbides (cementite particles). After these heat treatments, the microstructural changes caused by differences in chemical composition were localized and were not clearly noticed in microstructural analyzes. 5. The inner region of the wall pipe presented higher microhardness values after quenching and tempering treatments and its impact toughness was slightly lower in tests at -60°C compared to the outer region, corroborating with the dilatometry tests results.
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